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WEAPONS SYSTEMS EVALUATION GROUP
400 ARMY NAVY DRIVE
ARLINGTON. VIRGINIA 22202

6 December 1974

MEMORANDUM FOR THE DIRECTOR OF DEFENSE RESEARCH AND
ENGINEERING :

SUBJECT: Results of the Demonstration Test of a Bomb Scoring System

1. This report is responsive to that portion of the Memorandum for WSEG
from the Deputy Director (Test and Evaluation) requesting review and
analysis of the demonstration tests of a bomb scoring system (WSEG
Report 211). It also responds to an informal request from DD/T&E to
investigate possible follow-on applications of the RABVAL instrumentation,
originally planned for the final report.

2. The study concludes that the Bomb Scoring System is suitable and
sufficiently accurate for use in the operational test and evaluation of A-6E
and F-111F tactical radar bombing systems. The system meets the
accuracy scoring goal of a radial error less than 20 feet under most
conditions; scoring accuracy degrades somewhat at high speeds and very
low altitudes. The demonstrated uccuracy and operational characteristics
of the system under various circumstances are delineated and discussed.

3. Based solely on experience gained in the demonstration test, the study
identifies potential follow-on applications for the system. It appears
feasible to extend the use of the bomb scoring system to include scoring of
visually dropped bombs, range instrumentation and certain applications in

tactical warfare.
WY ;,J *
ot

M. H. SAPPI
Rear Admiral, USN
Acting Director
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RAT ram air turbine
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PR} ¥ACE

In February 1973, the Director of Defens. £ search and ngincering procured from
Litton Guidance and Control Systems 4 Bomb Scoting Svitem (BSS) for use in planned
operational tests of F-111 and A-6 tactical aircralt radar bombing svstems (Project
RABVAL). The first ol three procured systeras was delivered to Fglin Aa Force Base,
Florida, in December 1973 for contractor and demonstzation testing. The BSS was tested
by the contractor from 15 December 1973 to 15 Apnl 1974, Demonstration tests of the
three systems were conducted from 15 April to 12 July 1974 in accordance with a test plan
(Rel 1) based on a test design (Ref. 2).

This study was prepared by C. H. Leatherbury and R. D. Mathews, Systems Evatua-
tion Division, Institute for Defense Analvses (IDA), and by Colonel J. G. Bachman, LSAF,
and Captain C. D. Manring, USN, Weapons Systems Evaluation Group, DoD, in response to a
request by the Director of Defense Research and Engineering (Ref. 3). IDA rescarch effort
on this study was requested by Weapons Systems Evaluation Group Task Order DAHC-15-
73-C-0200-T-179 dated 24 April 1973.

vii
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Introduction

This report presents the results of the demonstration tests of the Bomb Scoring System
(BSS) developed by Litton Guidance and Control Systems.! In the past, tactical radar
bombing accuracy tests by the Services have generally been conducted on controlled bombing
ranges using readily identifiable radar reflective targets and, to a lesser extent, on USAF
Strategic Air Command radar bomb scoring (RBS) sites against more realistic combat-like
targets. Radar bombing accuracy against reflector targets is determined by measuring the
impact location of inert bombs relative to the target; bombing accuracy on the RBS sites is
determined from computations utilizing radar tracking and aircraft data during a simulated
bomb run. Although radar bombing tests against reflector targets provide a measure of
accuracy, the target is highly unrealistic compared to combat conditions. While RBS sites
provide more realistic targets, the accuracy of the RBS system is not good enough to evaluate
tactical bombing systems.

When the Deputy Director Test and Evaluation, ODDR&E, decided to conduct opera-
tional tests of A-6 and F-111 tactical radar bombing systems under simulated combat
conditions, WSEG was requested (Ref. 4) to recommend appropriate instrumentation to
accurately predict the impact of simulated bomb drops. An IDA recommendation that the
Close Air Support System (CLASS) (Ref. 5) be adapted to bomb scoring led to the develop-
ment of the BSS.

The BSS consists of a pod carried by tactical aircraft on a bomb station, an array of
transponders on the ground at surveyed positions relative to the target, and associated
ground support equipment. The pod contains an inertial navigation system, a distance
measuring interrogator, an air data system, a data recording system, and associated power
supply and cooling systems. (A pictorial description of the BSS is shown in Figure 4

(page 16).)

To operate the system for bomb scoring, the BSS pod is mounted on an aircraft
bomb pylon, necessary target coordinate and bomb ballistic inputs to the pod are inserted
by magnetic tape cartridge, and the inertial system is aligned. When an aircraft on a
bombing mission comes within 10 nmi of the ground transponders, the interrogator begins
measurement of slant ranges and range rates to the various transponders and continues until

the aircraft passes the target area. Range and range rate measurements are utilized with

1. Litton refers to this system as Airborne Range Instrumentation System (ARIS) to denote possible other uses in
addition to bomb scoring.
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inertial system outputs in a Kalman filter in an optimum manner to compute accurately
release point position and velovity of the aircraft relative to the target or aimpoint. This
information is used, with air data measurements and stored ballistic data, to compute the
predicted impact of a bomb.

Demonstration tests of the BSS were conducted under controlled conditions at Eglin
Air Force Base. A detailed description of these tests is presented in Chapter I of Part 3.
The ability of the system to mcasure release point position and velocity was compared with
precision ground instrumentation, including cinetheodolites, a laser tracker, and ballistic
cameras. The performance of the system was also checked by comparing predicted bomb
impacts with actual impacts.

Preliminary examination of results of the demonstration tests led to a decision that
the system was capable of bomb scoring of F-111F and A-6E operational tests. (A
discussion of the application of the system to other tests, and system limitations, is
included in Part 2.) On 10 July 1974, the three Bomb Scoring Systems and associated
equipment were shipped to Mountain Home Air Force Base, Idaho, for F-111F tactical
radar bombing operational tests that commenced on 29 July 1974. The system will be used
for the F-111 tests for approximately 3%2 months in the Western United States, followed by
3% months of operational tests in the East with the A-GE aircraft based at Oceana Naval
Air Station, Virginia.

The following Part 2, Discussion and Summary, contains specific references to the
detailed analyses of Part 3, which are developed in threc chapters. Chapter I provides a
description of the BSS test instrumentation employed at Eglin Air Force Base during the
demonstration tests, and a description of test operations. Chapter Il presents the accuracy
results of the BSS as derived from simulated bomb drop tests, actual bomb drop tests, and
self-survey tests. Chapter III is concerned with the operational suitability of the BSS. It
includes a discussion of the reliability, maintainability, and other operational suitability
factors. It also discusses possible uses of the BSS after completion of operational tests of
F-111 and A-6 tactical aircraft bombing systems.
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Discussion and Summary

A.  GENERAL TEST DESCRIPTION

The purpose of the demonstration tests of the Bomb Scoring System (BSS) was to
determine accuracy, reliability, maintainability, and operational suitability of the system.
These tests were a prerequisitc to the use of the BSS for scoring operational tests of A-6
and F-111 tactical radar bombing systems, and dctermining the application of the system to
tasks otlier than bomb scoring. The demonstration tests were conducted at Eglin Air Force
Base from 15 April to 12 July 1974.

The BSS was designed (Ref. 6) to score! simulatcd bomb drops for a variety of
release conditions (aircraft altitudes of approximately 200 fect to 5,000 fcet; aircraft speeds
of 400 to 600 knots) to an accuracy of 20 feet root mean square (RMS) radial error, o, in
the target plane (CEP is approximately 16 feet)?, neglecting release errors and ballistic
uncertainties of the bombs. In order to achieve this scoring accuracy, the BSS accurately
measures the position and velocity of an aircraft at the bomb releate point relative to the
target. :

The CEP of an aircraft bombing system, including the effects of aircraft crew and
bombs, may be determined from:

/ 2 a2 2

where CEPy BSS scorc uncorrected for BSS errors and bomb dispcersion.

CEPggg = CEP of BSS for the profilcs flown and type of bomb used.
CEPBD = CEP of ballistic dispersion for bombs assumed dropped.

The CEPggg was accurately determined by extcrnal instrumentation during the
demonstration tests for the profiles flown and bomb types dropped. Thcse conditions
included those to be used during OT&E tests and CEPpgg was found to be generally less
than 20 feet.

The BSS cannot of course predict what the ballistic dispersion of a bomb will be due
to physical anomolies, aerodynamic effects, etc. (In the BSS solution, acrodynamic effects
and other separation effects are modeled and a nominal ballistic path calcula:ed using wind

1. Predict impact point of an actual bomb had it been dropped from the simulated release point under the same position,
velocity, wind, and density conditions.

2. For an assumed 2:1 (major-to-minor axis) elliptical distributlon, CEP is approsimatcly equal to 0.78 0.

3
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and density for the conditions at the aireraft.) CEPgp should be determined from a large
number of drops of the bomb of interest under varying atmospheric conditions. During the
demonstration tests, Mk 84 and Mk 82 (retarded) bombs were dropped to check the BSS
ballistic program. For this particular batch of bombs, for the conditions tested, the CEPBD
was less thun 20 feet for the Mk 84 and less than 50 feet for the Mk 82 (retarded). This
dispersion may vary considerably from these values for other conditions (i.e., high altitude
drops with several unknown wind shears between drop altitude and the ground) and other
types or batches of bombs. In summary, it is not expeeted that cither CEPBSS or CFPgp
will have any serious effeet on determining CEPSystem in F-111F and A-GE OT&E tests
since this value is expected to be more than twice the value of CEPggg and CEPpp for the
conditions to be tested. (Appendix B presents a numerical example and a detailed expla-
nation.)

For tests utilizing the BSS that include flight profiles (altitudes and speeds) and
bombs other than those cheeked during the demonstration tests, CEPpgg and CEPgp
should be determined for the eonditions of interest.

Several different types of tests were used to cheek the design performance of the
BSS. The primary test of performance was to compare BSS measurements of veloeity and
position at the release point relative to that measured by precision ground-based instrumen-
tation systems. The aceuracy of the BSS relative to the 20-foot RMS seoring goal and
aceuracy variations with ehanges in BSS configuration and flight profiles were determined
by caleulations utilizing bomb ballistic sensitivities to release point errors.

The overall capability of the bomb scoring system to caleulate bomb impact points—
utilizing position, velocity, density, and wind vector measurements, and stored bomb
ballistics—was determined (within the limits of bomb scparation and ballistic uncertainties)
by comparing actual bomb impact points w*h those predicted by the BSS (Chapter 11).

In addition to the bomb seoring capability, the BSS has a self-survey mode where the
geographic position of ground transponders, relative to a known position, may be deter-
mined by repeated overflights. Performance in the survey mode was checked by comparison
of BSS measurcments with those of precise ground surveys.

The reliability, maintainability, and overall operational suitability of the BSS were
qualitatively assessed by observation of system and support crew performance during the

demonstration tests.

B. TEST OPERATIONS

The demonstration tests of the BSS were conducted on ranges at Eglin Air Foree
Base with F-111E and A-6E aireraft. With the BSS installed on a wing pylon, test aireraft
flew repcated simulated target runs over the transponder/target array on each sortie and
were tracked by ground-based instrumentation systems located as shown in Figure 1. Aetual
bomb drops were accomplished generally at the beginning or the end of a series of
simulated bomb runs. A total of 358 simulated runs, 38 actual bomb drops, and 7 survey
mode tests were conducted, requiring a total of 72 aireraft sortics.

4
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C.  TEST INSTRUMENTATION

Cinetheodolite, laser tracker, and ballistic camera instrumentation systems were used
to measure the position and velocity of the aircraft at bomb release. Cinetheodolite
instrumentation was used on essentially all runs, the laser tracker on about half of the runs,
and ballistic cameras were used on a limited number of runs (19). The A-6 aircraft air data
system was used to check BSS wind vector measurcments on a few runs. Eglin AFB
meteorological data were used to check BSS temperature and pressure measurements.

A common coordinate system was used for all ground instrumentation systems
regardless of the actual point on the aircraft used for tracking. All instrumentation systems
determined the position and velocity of the center of gravity of the BSS inertial measure-
ment unit (IMU) relative to the location of the central transponder on the ground. Since all
of the instrumentation systems actually tracked other points on the aircraft and pod, data
reduction involved a transformation from the point actually tracked to the center of gravity
of the IMU.

Contraves cinetheodolite locations on the range were such that at least four theodo-
lites could track the aircraft on a target run in the vicinity of the release point. All
cinetheodolites tracked the nose of the test aircraft, except for the runs made at night when
a running light was tracked. In addition to determining the position and velocity of the
release point, cinetheodolites provided track data for the aircraft flightpath prior to and
after the release poir ..

A McDonnell-Douglas laser tracker was also used to measure the position and velocity
at the release point. The laser tracker tracked a small array of retroreflectors mounted on
the bottom of the BSS pod. The laser tracker was located on the B-70 range® and,
therefore, did not provide data when target runs were made on other ranges.

Only 19 tests were run with ballistic camera instrumentation (1) to determine more
accurately thc BSS velocity and position accuracy at the release point, and (2) to check the
performance of the cinetheodolites and laser tracker. Ballistic camera tracking and data
reduction were accomplished by DBA Systems, Inc. The ballistic cameras tracked a pre-
cision strobe light mounted near the aft end of the BSS pod. All tests were conducted on
clear nights to enable the ballistic camera to view a star background. As expected, the
ballistic camera results permitted a very precise assessment of the performance of the BSS,
laser tracker, and cinetheodolites under conditions tested.

Table 1 presents a summary of the accuracy of instrumentation relative to the
ballistic camera. The BSS data are included to permit consideration of this system as a
potential airborne range instrumentation system. A more detailed comparison of instrumen-
tation accuracies is included in Chapter 1 of Part 3. The spherical probable error of the
ballistic camera instrumentation at the bomb release point for these tests was 0.07 foot in

3. Two other ranges were used for a limited number of tests.

6
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Table 1. Acecuracy of Tesl Instrumentation

(Difference Between Release Point Data of Cinetheodolites/Laser Tracker/
BSS and Ballistic Camera)

“"‘ RMS Error for 19 Runs
\ Position (ft) Velocity (ft/sec)
System Downrange Crossrange | Altitude Downrange | Crossrange Vertical
e Cinetheodolites 5 9 23 .32 .23 .55
Laser Tracker 3 5 6 .38 .35 .24
Bomb Scoring System 1.9 2.7 4.1 .16 .27 1.03

Source: Table 7 (page 25).

_ position and 0.03 foot per second in velocity for the geometric arrangement of Figure 1

i and the 1,500-foot altitude used. The accuracy of the cinetheodolites and laser tracker was
sufficient to check the performance of the BSS for bomb scoring; a better check of
accuracy at the releasc point was provided by ballistic camera measurcments.

D. ACCURACY RESULTS

Accuracy results for the BSS, as determined by external instrumentation systems, are
presented for simulated bomb drop tests, actual bomb drop tests, and self-survey mode
tests.

Simulated bomb drop test results are shown in Tables 2 and 3. Table 2 presents the
position and velocity accuracy of the BSS at the bomb release point as a function of the
various test variables.

Table 3 shows the scoring accuracy of the BSS in the target plane in terms of RMS
radial error, o, calculated by multiplying the release point position and velocity errors by
the ballistic sensitivity to those errors. In general, the BSS performed as expected from
contractor design simulation results except for the very low altitude (200 feet) or high
speed (550-600 knots) runs. Under these conditions, the BSS scoring error is considerably
larger than the 20-foot radial error goal* Whether the available accuracy under these
conditions is satisfaciory or not will depend on the weapon sysiem being tested and the
objective of the test.

4, The cffect of BSS scoring error on determination of the CEP of an aircraft bombing system is presented in Appendix
B.
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Table 2. Accuracies of Release Point Position and Velocity §
Flight Profile Conditions Fosition (ft) Velocity (ft/sec)
No. of
1 Altitude | Speed |Offset™| Trans- No. of | Down- | Cross- Down- | Cross-
i {ft AGL) fkt) (ft) ponders| Maneuver | Passes | range | range | Altitude | rance | range | Vertical
High-Drag Simulated Bomb Drops
200 400 500 4 Level 15 2.0 8.5 25.0 42 .93 .81
200 400 0 4 Level 22 1*J | 109 5.1 .55 .85 .83 n
‘ 200 400 1,000 4 Level 14 a7 5.5 240 .30 .69 1.28 :
200 400 1,000 4 Pullupt 6 1.6 1.6 19.4 .32 .66 1.98 i
200 600 500 4 | Level 8 71 ler2:2 L 30 ) 68 .76 |
500 400 500 4 Level 17 35 | 110 7.7 .32 45 1.02
1,500 400 500 4 Leavel 22 1.6 4.1 39 41 .52 .86 |
5N0**| 480/525| 500 2 Levei 15 11 6.9 6.6 .20 .52 .70 L
500** | 480/525 500 3 Level 23 1.2 4.7 54 .35 .50 1.03
Low-Drag Simulated Bomb Drops ,”
500 400 500 4 Level 36 1.7 4.2 49 .30 .52 .92 ]
a 500 600 500 4 | Level 18 32| 86 96 | 45 | 98 | 173 :
4 4 1,500 400 500 4 Level 22 2.4 46 8.6 .35 .35 1.05
o 5,000 400 500 4 Level 22 4.1 9.9 124 31 .39 79 :"
1 5,640 500 500 4 Level 10 7.8 8.3 230 .65 40 1.84 ‘
10,000 400 500 4 Level 21 11.3 8.3 16.8 .48 3 .92
500 400 500 4 10 deg climb 12 22 1 103 4.9 .81 92 .94
A 500 400 500 4 Pullupt 8 1.7 3.6 6.2 22 .70 .95 ]
3 500 550 500 4 Pullupt 12 1.7 3.8 4.8 .43 .52 1.03 !
500 400 0 4 Breakawayt 20 19 4.6 39 31 .57 .85 i
1,000 *| 420/480| 500 2 Level 14 2.0 9.2 6.3 .43 .26 .82 i
1,000"*| 420/480] 500 3 Level 26 14 3.5 39 .35 .58 .92

*From center transponder.
tAfter simulated release.
* *Profiles in operational tests of A-6E and F-111F.

1 ' The BSS has the eapability of estimating achieved scoring accuracy. This scoring error
estimate may be used to determine BSS performance for a particular aircraft bombing run.
(A detoited discussion of the BSS self-error estimating capability is presented in Chapter 11
of rart 3.)

Results of bomb drop tests are presented in Figures 2 and 3. BSS predicted impacts 2 J
arc compared with actual impaets of Mk 84 2,000-pound, low-drag and Mk 82 500-pound,
high-drag bombs. These results reflect the overall performance of the BSS utilizing position

8
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Table 3. Accuracy of BSS Scoring

Flight Profile Conditions

Ground Impact

No. of Scoring Accuracy
Altitude Speed Offset™ Trans- No. of (RMS Radial Error, 0,)
(ft AGL) (kt) (ft) ponders Maneuver Passes (ft)

High-Drag Simulated Bcmb Drops

200 400 500 4 Level 15 101.7
200 400 0 4 Level 22 15.7
200 400 1,000 4 Level 14 73.0
200 400 1,000 4 Pullupt 6 443
200 600 500 4 Level 8 51.1
500 400 500 4 Level 17 16.8
1,500 400 500 4 Level 22 9.7
500** | 480/525 500 2 Level 15 14.0
500" | 480/525 500 3 Level 23 11.9

Low-Drag Simulated Bomb Drops

500 400 500 4 Level 36 15.3
500 600 500 4 Level 18 42.8
1,500 400 500 4 Level 22 18.6
5,000 400 500 4 Level 22 14.2
5,000 500 500 4 Level 10 18.6
10,000 400 500 4 Level 21 3.2
500 400 500 4 10 deg climb 12 3.1
500 400 500 4 Pullupt 8 1.6
500 550 500 4 Pullupt 12 32.8
500 400 0 4 Breakawayt 20 (13743
1,000** | 420/480 500 2 Level 14 22.7
1,000** | 420/480 500 3 Level 26 17.5

*From center transponder.
tAfter simulated release.
“*Profiles in operational tests of ABE and F-111F,

Source: Table 17 fpage 40).

and velocity measurements, air data measurements, and ballistic programs. Although
unknown bomb dispersion is included in these results, it is considered that these tests
demonstrate the accuracy of prediction by the BSS to be generally satisfactory for tests of

this type.
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75 FT i DOWNRANGE
@ = 1,500 FT AGL, 400 KT
A = 5,000 FT AGL, 400 KT
BOMSB; 2,000 LB, MK 84, INERT
50 1~
Py A
[
L 25w CEP = 21 FT
i
&
5 } +- I { CROSSRANGE
=75 FT -50 -25 25 75
FT
» i
i
PREDICTED IMPACT
—25
=501 | -
*The contractor adjusted some ballistic perameters
In the BSS ballistics software (pages 43-47).
75 FT -
10-15-74-4

Figure 2. Actual Impacts Relative to Predicted Impacts After Adjustment*
(Low-Drag Bombs)
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75 FT—|- DOWNRANGE
m= 500 FT AGL, 400 KT . ‘
@= 1,500 FT AGL, 400 KT ;
BOMSB: 500 LB, MK 82 RETARDED, INERT A

PRECICTED
IMPACT

—| CROSSRANGE

=75 FT ﬁ
&
1
[
~75-4
z o *
[ ] @
10-15-74-1 -100 FT-

Figure 3. Actual Impacts Relative to Predicted Impacts (High-Drag Bombs)
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Self-survey mode test results for the
BSS arc shown in Tablc 4. The demon-
stration test results werc not as accuratc
as cxpected trom simulations (2 feet
horizontal planc and 5 feet vertical planc).
While tiss indica‘ed performance will not
be particularly detrimental to transponder
location for bomb scoring purposcs, the
indicated accuracy may not be suitable
for other possible survey applications. 1t
may be possible to improve performance
of thc survey mode by further devclop-
ment and testing of the softwarc.

E. OPERATIONAL SUITABILITY

Opcrational suitability of the BSS,
bascd on the limited experience derived
from the demonstration tests, is discussed
in detail in Chapter 11 of Part 3. Demon-
stration test cxperience indicates that one

Table 4. Test Results of Self-Survey Mode

BSS Surveyed Position of
Outer Transponders Minus
Quter True Position (ft)

Transponder
No. East North Up

-1.1 -2.4 35
1.7 3.7 52
-6.8 -3 32

-6 ~-4.9 9.0

A 6.4 1.5
-2.5 -.8
-11.0 2.8 43
14.0 1.1 5.1
-3.2 ~-14.7

RMS Error 6.5 59 8.8

Source: Table 22 {page 51).

of three BSSs can bc cxpected to be available during F-111 and A-6 aircraft testing
essentially all the time, two of three about 90 percent of the time, and all threc systems
about 50 percent of the time—an average availability of about 80 percent.

Based upon approximately 165 operating hours of the BSS, an inflight reliability of
about 70 percent was achieved. Discounting itcnis corrected during the tests and counting

partial succcsses, 1t appears that a 90 percent r

testing.

cliability may be possible during operational

The BSS is specialized instrumcntation requiring skilled engineering support, environ-
mentally controlled maintenancc space, and spccial test and support cquipment. During the

contractor and demonstration tests, the

BSS was maintained by Litton personnel. This

practice is being continued during operational testing of the F-111 and A-6 radar bowbing
systems. In view of the inherent complexity of the BSS and the rcquircmcht for consider-
able skilled maintenance, contractor maintenance {as opposed to Scrvice maintcnance) of
the system in future operations should be considered. (Additional operational characteristics

arc discussed in Chapter 111 (pages 67-68).)

i POSSIBLE FUTURE USES OF THE BSS

It has been demonstrated that the BSS can accuratcly scorc simulated bomb drops of

high speed aircraft at low altitudes apainst realistic targcts. Upon completion ol utilization
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of the system for scoring F-111F and A-6E operational tests, several possibilities exist for
future use. These possiblc uses, discussed further in Chapter 11 (pages 68-72) are sum-
marized below:

(1) Additional Radar and Visual Bomb Scoring Tesrs. All current Joint Munitions
Effectiveness Manual bombing data are largely based on aircraft/crew perform-
ance against unrealistic targets relative to combat conditions. It would be
desirable to correct these data by use of the BSS on tests of all inventory and
programmed combat aircraft with the capability of dropping gravity ordnance.

(2) Training Aid. The BSS can be used as a training aid during routine testing of
aircraft/crews, allowing a variety of realistic target problems.

(3) Range Instrumentation System. The BSS may be used as an airborne instru-
mentation system, providing position, veloeity, and air data information on the
aireraft carrying the pod. Within speed and altitude restraints (Tablc 3), the
advantages of the system as compared to conveniional ground-based optical
systems include all-weather performance, relative mobility, and near real time
data.

(4)  Surveying System. In the self-survey mode, the BSS may be used to survey the
location of ground transponders relative to a known position. This may be
particularly useful in areas of rough terrain.

(5) Combat Systems. Several possibilities exist for use of BSS technology for
combat purposes:

(a) As an all-weather bomb-nav system for day fighter aircraft (pod-
mounted) or for remotely piloted vehicles on close air support, inter-
diction, or reconnaissancc missions.

(b)  As an all-weather airborne locator/control system for air, ground, and sea
units.

(¢) As a mobile instrument landing system, particuiarly in advanced base
areas.

None of the above possible uses of the BSS, other than bomb scoring, have been exainined
in depth in this study. However, the possibilities of BSS technology appear to warrant
further investigation. If additional quantities of the BSS are procured, considcration should
be given to reduction of the size and weight of the system. This reduction is tcchnically
feasible and would be particularly important fcr combat applications. Incorporation of
another cooling system, in liew of the current dry ice system, would also be a worthwhile
imprevement.

G. SUMMARY-DEMONSTRATION TEST OF BSS

1. The BSS can accurately score simulated gravity bomb drops under conditions of
400 to 500 knots speed, 500 to 10,000 feet altitude, O to 500 feet flightpath offset from
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the center transponder, level or maneuvering flight, and during day, night, and IFR weather.
Under these conditions, the RMS radial scoring error® of the BSS should not exceed 10 to
25 feet, neglecting bomb dispersion. Accuracy of the BSS degrades as indicated in Table 3
with high speed (550 to 600 knots) and with very low altitude (200 feet) bomb runs with
large offsets.

2. On the basis of limited demonstration tcst experience, it appears that an avail-
ability of approximately 80 percent and an inflight rcliability of about 90 percent can be

1 expected for the BSS during operational testing. The system requires skilled maintenance

personnel and spccial test and support equipment.

3. The demonstrated capability of the BSS presents the possibility of several future
uses after completion of F-111F and A-6E operational tests, including:

(a) Additional opcrational testing of aircraft bombing accuracy
(b) Training aid

(¢) Range instrumentation system

(d) Surveying system

(e) Combat systems: all weathcr bomb-nav, airborne locator/control, instru-
ment landing.

These possible future uses of the system, and associated technology, should be investigated
further.

5. For an assumed 2:1 (major-to-minor axis) elliptical distribution, CEP is approximately equal to 0.780;.
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Chapter 1

DESCRIPTION OF THE DEMONSTRATION TEST
OF THE BOMB SCORING SYSTEM

This chapter describes the demonstration testing of the Bomb Scoring System (BSS)
produced by the Guidance and Control Division of Litton Industries.! The tests were
conducted at Eglin Air Force Base, Florida, from 15 April to 12 July 1974.

A.  BOMB SCORING SYSTEM

The BSS is described in dctail in the test design (Ref. 2), the contractor’s Operating
Manual (Ref. 7), and the Test Director’s Report (Ref. 8). The system is designed to score
simulated bomb releases under all weather conditions against a variety of realistic cultural
targets with a scoring accuracy of 20 feet RMS radial error or less. It consists of a pod
(approximately 800 pounds, 16 feet long, and 22 inches in diameter) and a ground array of
suitcase-size transponders, each with a folding ground plane antenna. These are shown
scliematically in Figure 4. The system requires two ground support console:, one for
maintenance of the hardware and the other for processing data; plus ancillary test and
support equipments.

The insert in Figure 4 shows the basic pod components, including its own inertial
navigation system (INS),2 power supplies, cooling system, interrogator, tape recorder, and
air data system, all completely independent of any system in the test aircraft® For test
purposes only, pods were temporarily modified to provide Inter-Range Instrumentation
Group (IRIG B) time correlation, reflectors for tracking by special laser instrumentation,
and a strobe light on pod number three for ballistic cameras.

The transponders are placed around the desired target for bomb scoring, and precisely
located with respect to the target and each other either by a ground survey or from the air
by the BSS in its self-survcy mode. Using the ground data terminal, a tape is preparcd with

1. The acronym assigned to the system by Litton is ARIS (Airborne Range Instrumentation System),

2. The pod INS is comprised of the four basic units of the AN/ASN-92 CAINS: a control indicator unit, a power supply
unit, an inertial measurement unit (IMU), and a computer unit. The computer has been modified with additional memory
and software programming unique to the BSS.

3. A connecting umbilical from the aircraft pylon provides for a bomb release signal to the pod and for aircraft power to
selectable pod units if desired.
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Figure 4. Bomb Scoring System
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the survey data and other basic inlormation for insertion into the pod computer memory.

As the aircraft Thes to the target, the pod imdependently determines its own position
with its internal INS. When it senses that it is within 10 miles of a target array, the pod
commences interrogation ol the ground transponders. By seque tially sampling ranges and
range rates with respect to cach transponder, a computer subprogram, known as a Kalman
filter, rapidly converges on the pod’s position in space with respect to the target.* When a
bomb release signal is reccived from the aircraft, the pod continues smoothing its solution
as it passes over the target array and Jor 2 miles beyond the center transponder. Then it
computes the Tall of a simulated bomb, using a ballistic program, and stores in computer
memory and on tape the predicted downrange and crossrange miss errors, along with an
estimate of pod prediction error based on the relative quality of position and velocity
computations made by the Kalman filter. Upon return to base, the bomb impact prediction
can be read out manually on the pod control panel or printed out on the data terminal.’
Continuous navigation and update data, aircraft performance parameters, air data, and
automatic system scll-test results are also stored on tape throughout the Tight, as described
in Appendix A, and these can be printed out for comprehensive analysis of the total

aircralt/BSS perlormance.

B. CONDUCT OF THE DEMONSTRATION TEST

1. Organization and Schedule

Joint testing of the BSS was sponsored by the Deputy Director Test and Evaluation,
ODDR&E. The Institute for Defense Analyses was tasked to provide a  test
design (Ref. 2) as part of its evaluation of tactical radar bombing systems (Project
RABVAL). Tlhe Air Force was tasked to provide a Test Dircctor and the Navy a Deputy
Test Director; the test dircctorate produced a joint test plan (Ref. 1) based on the test
design. Air Force F-111E aircraft and crews were provided by the 422nd Fighrer Weapons
Squadron operating from Nellis AFB, Nevada. Navy A-6F aircraft and crews were provided
by the Air Test and Evaluation Squadron 5 detachment at NAS Occana, Virginia.

A Joint site selection team determined that the Armament Development and Test
Center (ADTC) at Eglin AFB was the most suitable test range to mcet the overall
operational and technical requirements of the RABVAL test program. A building located on
the flight line at Eglin AFB was provided for the duration ol the testing, adequately
equipped with shop, admmistrative, and briefing facilities for the test directorate. flight
crews, and contractors. ADTC provided test range facilities, ground surveys, tracking

4. The Kalman filter subprograin compares the measured values ol range and range rate with the corresponding values
computed from inertial inputs and utilizes the ditferences as error signals to update the computations of aircraft position,
velocity, and attitude. Initially the Kalman filter employs an eight-state error model (three components each of aircraft
position and atti‘nde and two horizontal eomponents of velocity). After refease, the filter augments these eight presenl
position states with five more relcase point states (thrce components of release point position and two horizontal
components of release point velocity) and continues to use range and range rate measurements to fmprove on its
computation of the release point position and velocity.

5. Provision for telemetering selected data down the radio link is also incorporated in the system design for readout at any
of the transponders if desired.
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instrumentation, IRIG B timing correlation, meteorological observations for the test runs,
and data reduction scrvices.

The pod was certified for both Navy and Air Force carriage in December 1973, and
recertified for minor modifications as the demonstration testing progressed. Unexpected
difficulty with the ram air turbinc power supply caused slippage in the contractor’s
development phase, scheduled from 15 December 1973 to 15 April 1974, Rather than delay
demonstration testing, it was decided to proceed on the original schedule but to permit the
contractor to continue to make developmental changes, subject to the concurrence of the
test directorate in cach case. Nominally, the demonstration testing commenced 17 April and
was completed 12 July 1974, No substantive change to the scoring software was permitted
during the testing, since such changes might have affected accuracy at the release point and,
in turn, impacted on the data base. There were improvements and refinements, lhowever, on
the program logic and mechanization, the ballistic subprogram, and the survey mode.

2. Demonstration Test Procedures

The demonstration testing of the BSS had two basic objectives: to determine the
accuracy of the BSS in measuring position and velocity for bomb scoring under a varicty of
conditions, and to make a qualitative cvaluation of the operational suitability of the BSS.

Table 5 lists the flight protiles planned, and compares the runs planned with the runs
successfully tracked. The self-survey missions performed a repeated, simple descending spiral
over the array. For bomb scoring missions, the profile was a repeated racetrack pattern over
the instrumented range, with a 15-mile straight run-in to the target and a 5-mile ovcrrun
beyond the target, at the various altitudes, speeds, and offscts shown in the table. The
aimpoint was a radar reflector. The target array was varied from one to four transponders
to investigate the effect of array geometry on the scoring solution. The basic configuration
of the transponders and range instrumentation is depicted in Figure 5.

As an empirical check on impact simulations, 48 inert bombs (24 2,000-pound low
drag and 24 500-pound high drag) were provided for individual drops throughout the test
series. Weight, moment, and center-of-gravity data were provided for cach bomb, and
individual drops were tracked for supplementary ballistic data. Actual impact points were
measured to an accuracy of less than 1 foot for comparison with BSS impact predictions.
(See Chapter 1 for the analysis.) Of the 48 bombs procured, 29 produced uscful data, 12
did not produce uscful data, and 7 were not dropped becausc of aircraft and scheduiing
problcms.

Insofur as possible, the flights were evenly divided between the A-6 and F-111.
During the demonstration phase, flights were initially planned to provide at least 70 passes
per week, later increased to 80 passes per week to make up for scheduling delays. When
time and circumstances permitted on a given sortic, extra passcs were often made. On
several occasions, profiles planned could not be flown because of range or weather restric-
tions and substitute profiles wcre flown instead. Not all profiles were flown exactly as
prescribed, resulting in some minor adjustments to the data matrix.
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Table 5. Flight Summary of Demonstration Test

Runs Tracked ™
[ Altitude Speed | Offset Runs Cine- Laser Ballistic
Flight Profile (ft AGL/) {kt) (ft) Planned theodolite | Tracker Camera

High-Dreg Reference 200 400 500 20 16 9
No Offsct 200 400 0 20 21 13
Large Offset 200 400 1,000 20 14 6
High Speed 200 600 500 28 12 4
Mid-Altituc'~ 500 400 500 36 18 0
High Altit. e 1,500 400 500 28 22 15 2
Array Changes 500 500 500 20 9 8
Operational 500 500 500 24 22
Breakaway 200 400 0 0 1 1
Pullup 200 400 1,000 0 6 3
Array Changes 1,000 500 500 0 7 5
Low-Drag Reference 500 400 500 58 33 16
High Speed 500 600 500 28 20 2
Mid-Altitude 1,500 400 500 28 35 21 1 1
High Altitude 5,000 :00 500 20 22 10 i
Climb 10 Degrees 500 400 500 20 15 12 r

J Very High Altitude 10,000 400 500 20 21 10
Pullup 30 Degrees 500 400 500 20 20 12
Breakaway 500 400 0 20 20 10
Array Changes 1,000 400 500 20 17 14
Low Operational 1,000 500 500 24 26 14
Extreme Altitude 25,000 490 500 0 3 1
Ballistic Camera 1,500 600 500 0 6 4 6
Bomb Drops 5,000 500 500 0 10 6

8 Total 454 396 206 19
Self-Survey Variable 400 N/A 4

4 »All runs tracked by the laser trecker or bellistic cameras were also tracked by cinethaodolites, so that total number of

runs tracked was 396.

A standard briefing sheet was prepared for each sortie, and retained in the data
package, as a common detailed reference for the range instrumentation teams, flight crews,
loading personnel, and contractor representatives. Each flight crew filled out a kneeboard
data card for the sortie data package showing actual results and flight parameters observed
as the sortie progressed. Some radar scope photography ai the release point was also
! obtained by the flight crews. All flights were kept under radar observation throughout the
scoring portion of their sorties and advised throughout their flight patterns in an attempt to
‘ assure that the aircraft was within the required instrumentation window at release.
| 19
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:
Bl
, 3. Data Handling
j Data analysts from the 6585th Test Group at Holloman AFB, New Mexico, super-
{ vised test data collection. Individual sortic folders were prepared containing the sortie brief
3 sheet, knceboard data cards, radar plots, and radar scope photography when it was

obtained. A release frame printout was supplied by Litton immediately after cach flight.
Detailed data listings were subsequently produced by cach of the instrumentation

systems, and cross-referenced by sortic. A copy of the pod tape was normally available in

Jess than 24 hours. Kadar and cinethcodolite tracking data for cach sortic were reduced by
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the ADTC Mathiematics Laboratory at Eglin AFB.* AFATL provided the ballistic analysis
for the actual bomb drops. A run-by-run compilation could be produced, normally in less
than a wecek, listing all cinetlicodolite flight tupe data, plus differencing with respect to the
corresponding BSS data. Data from the laser tiacker were delivered in a run-by-run format
for comparative analysis, usually within 5 days. Later in the test program, a laser tracker
tape was supplied to the ADTC Mathematics Laboratory for differencing atong with the
cinetheodolite and BSS data. On those few sorties in which ballistic cameras were used, the
camera plates were developed and examined immediately on site to verify that usable data
had been recorded, then sent back to the DBA Systems, Inc., laboratory for detailed
analysis. The initial report required about 6 weeks, with subsequent reports at weekly
intervals. All raw data and copics of nine-track tapes have been retained by the Test
Dircctorate and the contractors for any farther analysis that may be desired.

The total data package assembled by the Test Directorate was ultimately returned to
the 6585th Test Group headquarters at Holloman AFB for detailed analysis and preparation
of the test report. A full data package was supplied to the RABVAL project team for the
independent evaluation presented in the next chapter. Data analysts for ADTC and cacli of
the instrumentation contractors cooperated closely with the Test Directorate and the IDA
test monitors in detecting discrepancics in data processing, and in performing the recompu-
tations required to assure accurate instrumentation results, both absolute and relative among
msirumentation systers,

C TEST INSTRUMENTATION

Conventional test instrumentation installed on the Eglin/ADTC range complex in-
cludes precision tracking radars and modern, high quality Contraves cinetheodolites. Both
were employed in RABVAL testing, The FPS-16 radar installations provided range control,
initial positioning, and air traffic safety. A radar plot for cach range sortie was recorded.
The cinetheodolites provided position and velocity daia Irom 396 runs. Six sites on the
Eglin B-70 range, the primary site used,” provided at least three cameras tracking on cach
pass (and usually more).

Prior to testing, ADTC estimated that accuracies between 0.5 and 1.25 feet in position
and between 0.2 and 0.5 foot-per-second in veloeity could be achieved by triangulation if
six sites were available. As noted below, these accuracy predictions were valid.

Two anticipated limitations inherent in cinetheodolite data reduction led to the
procurement of additional precision instrumentation. Iirst, the time lag required in the

6. Early in the test program, considerable reliance was placed on the inlierent.y fess azcurate radar duta as a quick clhieck
on system performance because it could be produced in 1-2 days. As confidence was gained in system capubility, radar
data were used less,

7, Becquse of thvc requircment for two arrays on some test sorties and some conflicts in range scheduling, tF.ce other
ranges in the Fglin complex were occasionally used: B-75, C-52, and C-72, with four cinctheodolite sites. Sin ¢ none of

thusl;* 7\;/):15 equipped with the additional special instrumentation procured for RABVAL, the bulk of the data w. s obtained
on B-70.
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production and analysis of photographic data, which can vary lrom 1 day to several weeks, E
suggested the need for a near real-time instrumentation system accurate enough to deter-
mine immediately whether ongoing testing was within  tolerable analytical limits. The ‘
McDonnell-Douglas Corporation was awarded a contruct by DDR&L to provide its Mobile 4

Automatic Laser Tracking (MALT) System.® A base position, with the required visual array
of calibration targets, was established by precision survey on the B-70 range to provide laser

veam tracking through the relcase point with a predicted accuracy of 0.5 foot in position

and 0.75 foot-per-second in velocity. It was expected that laser tracking data would be

available within 24 hours or less. However, difTiculties cncountered by McDonnell-Douglas

in data handling caused unexpected delays up to several days. Data transmission between

Eglin and the McDonnell-Douglas data production site by telephone proved unreliable, _
4 resulting in mail and hand deliveries. Some time advantage was realized in data production, i
' but the more significant value of the laser tracker proved to be the competitive cross-check

it provided on cinetheodolite perlonmance and data reduction.

The sccond limitation in theodolite and lascr tracking that required additional tcst
instrumentation was the inherent accuracy of these two systcms. A maicr objective of the
acmonstration test was to detcrmine the absolutc accuracy of the BSH. Simulations indi-
cated that the BSS was likely to be significantly more accurate than ecither the cinethcodo-
lites or the laser tracker could measure with acceptable statistical confidence.? For this

| rcason, a contract was let with DBA Systems, Inc., to provide ballistic camera analysis of a
limited number of runs Tor calibration ol the external instrumcentation systems and verilica-
: tion of the absolute accuracy ol the BSS. By triungulating against a star background with
two or three ballistic camcras, accuracies one or two orders of magnitudc superior to the
} other three systems can be achieved. For the conditions and profiles being tested, this
. permits use of ballistic camera data as il it had no error. Because of installation and weather
delays, only 19 runs (17 by the lascr tracker) were rccorded simultancously by all
instrumentation, late in the test series. While less than desired, this number was considered
an acceptable statistical sample.
Every attempt was made to optimize all instrumentation positioning for tracking the
aircraft as it passed through the relcase point (Figure 5).!% To conservc resources and
minimize data reduction time, cinetheodolite tracking was restrictcd to 3 miles prior and 2

8. The MALT system is a self-contained optical tracking system inslalled in a mobile van. A technical description of the
system and operaliona! delails are contained in References 9 and 10.

9. The RMS radial prediclion crror of less than 20 teet in the ground plane expected of 1he BSS would indicale accuracies
at the rzlease point of less than § feet in posilion and 0.5 fool-per-second in velocily. A common criterion for lest
instrumenlation is 1hal il be 10 Ilimes more accurale lhan the system lested. Cinetheodoliles and Ihe laser tracker can
approach 1lhis criterion for position accuracy under ideal circumsiances, but even at besl cannot meet the velocily
measurement accuracy requirements.

] 10. The location of the laser Iracker to the right of the run-in path caused some difficully, parlicularly at low altitudes, in

! Iracking lhe A-6, which was consirained by power problems to carry lthe pod on the lefl wing blocking the line of sight.
For this reason, and because some of the sorties were flown on olher ranges where only cinetheodolite inslrumentation
was available, the laser tracker provided dala for only 206 of 1he 396 cinelheodolite passes.
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miles beyond the central transponder. The only restriction on laser tracking was the

acquisition and the visual lock-on range permitted by atmospheric visibility and aireraft
altitude, which varied From run to run. The ballistic cameras provided coverage approxi-
mately 1,000 feet (about 1 second) along the track at the release point.

In order to achieve the degree of accuracy required for cffective demonstration of

BSS capability and to compare the relative accuracies of the three external instrumentation :
systems, common timing, common coordinates, and a common tracking reference point
were required. 1IRIG B provided the precision time reference. The common coordinates -
selected were cast, north, and up (X, Y, and Z, respectively) in a tangent plane coordinate '
: system with its origin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>